Pseudomonas aeruginosa produces two forms of lipopolysaccharide (LPS) designated A band and B band. The O-polysaccharide region of A band is a conserved D-rhamnan polymer arranged α1-2, α1-3, α1-3, while B band is serotype-specific with differences in the O-antigenic region dividing P.
INTRODUCTION
Pseudomonas aeruginosa remains among the three top nosocomial pathogens, 1 particularly in the case of burnwound victims and persons afflicted with cystic fibrosis (CF). This versatile organism elaborates a variety of virulence factors, including the exopolysaccharide alginate 2 and two types of lipopolysaccharide (LPS) that are named A band and B band. 3 A band LPS, which contains a Drhamnan homopolymer, is the common antigen expressed by most serotypes of P. aeruginosa. 4 In contrast, B band lipopolysaccharide contains the serotype-specific O-antigen, of which 31 chemotypes have been identified to date (reviewed by Stanislavsky and Lam 5 ). The O antigen of B band is comprised of repeating O units that are di-to penta-hetero-oligosaccharides. 6 All of the O antigens of P. aeruginosa contain a combination of amino sugars, uronic acids and, in some cases, rare sugars which do not occur naturally elsewhere. 6 The gene clusters for both A band and B band LPS synthesis in the best-studied serotype of P. aeruginosa, serotype O5, have been cloned and sequenced in our laboratory. 3, [7] [8] [9] [10] [11] [12] [13] [14] Each gene cluster encodes the enzymes necessary to synthesize the individual monosaccharides and to assemble them into a polymer of an appropriate length that is eventually ligated to the pre-formed core-lipid A moiety. In this review, we will focus on the glycosyltransferase enzymes that assemble the A band and B band O polymers.
Glycosyltransferases utilize nucleotide sugars as donor molecules in the formation of glycosidic bonds during the assembly of various polysaccharide molecules. These enzymes recognize specific acceptor molecules and catalyze distinct glycosidic linkages. In the case of LPS biosynthesis, the specificity of these glycosyltransferase . The glycosidic structure of LPS molecules specified by the action of dedicated glycosyltransferases. The wbp clusters of A band and B band (serotype O5) were each found to contain three genes coding for putative glycosyltransferases: wbpX, wbpY, wbpZ, and wbpH, wbpJ, wbpL, respectively. To examine the role of these potential transferases in LPS assembly, chromosomal mutations were generated within all 6 genes. LPS analysis reveals that wbpX, wbpY, and wbpZ mutants express an A -B + phenotype, while wbpH and wbpJ mutants are A + B
-. Interestingly, mutations in wbpL, an Escherichia coli wecA homologue, abrogates both A band and B band LPS synthesis. Based on amino acid homologies, Opolysaccharide structures and LPS phenotypes of transferase mutants, we propose an assembly scheme for these two LPS molecules.
reactions determines the O-polysaccharide structure. 15 There are two known classes of glycosyltransferases, called retaining and inverting, respectively. 16 Glycosidic bonds possessing the same stereochemistry as the glycosidic donor are catalyzed by retaining glycosyltransferases, while inverting glycosyltransferases form linkages with a stereochemistry that is different than that of the glycosidic donor. 16 Glycosyltransferases can also be subdivided into processive and non-processive enzymes with the former being responsible for the addition of multiple sugar moieties onto an acceptor, while the latter transfers a single sugar residue onto an accepting molecule. 16 Currently, there is no way of differentiating a processive from a non-processive glycosyltransferase on the basis of primary protein sequence.
Heteropolymeric O antigens, including the B band O antigens of P. aeruginosa, are synthesized via a pathway distinct from that followed by homopolymers (reviewed by Whitfield 17) . Individual nucleotide sugars are formed in the cytoplasm and assembled by specific non-processive glycosyltransferases into an O unit attached through a pyrophosphate linkage to the lipid carrier, undecaprenol. The nascent O units are then translocated to the periplasmic face of the cytoplasmic membrane where they are polymerized into the O antigen by Wzy (Rfc). 17 Mutations in wzy, which encodes the O polymerase, lead to the formation of an LPS molecule bearing only a single O unit ligated to core-lipid A. 8 The way in which Wzy contributes to the formation of a glycosidic bond between O units is not understood at this time. The length of the polymer formed by Wzy is modulated in an unknown manner by the protein Wzz (Rol). 11 The requirement for Wzy in heteropolymer synthesis has led to this pathway being termed 'Wzy (Rfc)-dependent'. 17 In contrast, homopolymers, such as the D-rhamnan of A band LPS, are assembled into long chains by processive glycosyltransferases at the cytoplasmic face of the inner membrane. 17 These enzymes require an undecaprenol-linked 'primer' that is generated through the action of non-processive glycosyltransferases. 17 The processive glycosyltransferases then add monosaccharides repeatedly to form a polymer. The completed homopolymer, whose length is determined by an unknown mechanism, is transported to the periplasmic face of the inner membrane through a dedicated ATPbinding cassette (ABC), two-component transport system. 17 The membrane component is designated Wzm, while the ATP-binding component is designated Wzt. 12 This pathway of homopolymer biosynthesis is termed 'ABC-transporter-dependent'. 18 As an exception to this paradigm, the N-acetylmannosamine homopolymer of Salmonella enterica serovar Borreze O:54 appears to be assembled and transported to the periplasmic face of the inner membrane in the absence of an ABC transporter, a pathway that is termed 'ABC-transporter-independent'. 18 For both heteropolymeric and homopolymeric biosynthesis, initiating reactions occur prior to polysaccharide chain elongation by non-processive glycosyltransferases. In the Enterobacteriaceae, two enzymes, WbaP (RfbP) and WecA (Rfe) are known to initiate polysaccharide synthesis through the transfer of a sugar residue onto the carrier lipid molecule undecaprenol phosphate (Und-P). 19 WbaP Se (S. enterica) initiates synthesis of heteropolymeric O antigens from serogroups A, B, D and E through the addition of a galactose-1-phosphate (Gal-1-P) residue onto Und-P. 19 WecA Ec (E. coli) is able to initiate both enterobacterial common antigen (ECA) and heteropolymeric O-antigen synthesis with the transfer of an N-acetylglucosamine-1-phosphate (GlcNAc-1-P) residue to Und-P. 20, 21 More recently, Zhang and colleagues have shown that WecA Ec is able to initiate synthesis of the serotype O:8 O antigen of Yersinia enterocolitca with an N-acetylgalactosamine-1-P (GalNAc-1-P) residue. 22 Similarly, Amor and Whitfield showed that WecA Ec uses GalNAc to initiate synthesis of the E. coli heteropolysaccharide K9 capsule. 23 WecA Ec has also been shown to be required for the initiation of synthesis of homopolymeric O polysaccharides from E. coli O8 and O9. 24, 25 Rick et al. 24 reported that GlcNAc was the initiating sugar for the E. coli O8 mannan homopolymer, while Kido et al. 25 demonstrated that either glucose or GlcNAc (which is preferred) could initiate synthesis of the O9 mannan homopolymer.
There are three glycosyltransferases encoded in each of the B band and A band LPS biosynthetic clusters of P. aeruginosa O5: WbpH, WbpJ, and WbpL in the B band cluster, and WbpX, WbpY, and WbpZ in the A band cluster. 10, 13 Of particular interest is the glycosyltranferase WbpL, which was recently shown in our laboratory to be necessary for the initiation of both A band and B band LPS biosynthesis, and to be capable of catalyzing the transfer of two different nucleotide sugars.
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GLYCOSYLTRANSFERASES NECESSARY FOR THE ASSEMBLY OF A BAND LPS OF SEROTYPE O5
Thus far, the most extensively studied homopolymeric glycosyltransferases are those of E. coli serotype O9a. Kido et al. proposed an assembly scheme for the E. coli O9 pentasaccharide D-mannan hompolymer (α1,2, α1,2, α1,2, α1,3, α1,3) based on a number of in vitro transferase studies. 25 This mechanism involves three retaining glycosyltransferases designated WbdA, WbdB, and WbdC. WbdC transfers the first D-mannose (D-Man) residue α1,3 onto the GlcNAc-PP-Und acceptor, which is synthesized by WecA Ec . WbdA (which transfers three DMan residues α1,2) and WbdB (which transfers two DMan residues α1,3) were proposed to act as processive transferases, alternating in activities to form the D-mannan polymer. However, a more recent immunochemistry study by Kido et al. 26 , in which they used monoclonal antibodies against E. coli O9 O-polysaccharide antigens, revealed that the predominant antigen contained a tetrasaccharide D-Man repeating unit (α1,2, α1,2, α1,3, α1,3) and not a pentasaccharide as they had previously reported. 25 The homopolymer containing the tetrasaccharide has since been reclassified as O9a. The transferase specificities of WbdA and possibly WbdB, therefore, require further examination in light of this new information regarding the O-antigen structure.
The initiating enzyme for the homopolymeric A band LPS molecule of P. aeruginosa has recently been identified as WbpL, the B band initiating enzyme. 13 Chromosomal wbpL mutants lack A band LPS on Western immunoblots, as detected using an A band-specific MAb N1F10, and are complemented for A band synthesis when wbpL is present in trans. 13 Interestingly, WecA Ec is able to complement only A band, but not B band, synthesis in wbpL mutants, indicating that these two LPS molecules are initiated by different sugars. 13 As mentioned previously, WecA Ec has the ability to transfer both GlcNAc-1-P and GalNAc-1-P, implying that synthesis of A band could be initiated by either sugar. These results also demonstrate that WbpL has a broader substrate specificity than WecA Ec , since WbpL is also capable of transferring N-acetyl-2,6-dideoxygalactosamine (Fuc2NAc), the first sugar of the B band O unit. 27 The continued synthesis of A band LPS by wbpM chromosomal mutants provides evidence that initiation of A band synthesis is via the transfer of GlcNAc-1-P. 10 WbpM is involved in the conversion of UDP-GlcNAc to UDP-GalNAc. Therefore, in wbpM mutants, UDPGlcNAc is the only available substrate for WbpL to initiate synthesis of A band LPS. Chemical analysis is required to establish unequivocally the identity of the initiating residue. Structural identification of the priming monosaccharide for homopolymeric O antigens is technically complex due to the mechanism of polymer synthesis. It has not been possible to generate short chain mutants, analogous to wzy mutants, which contain single heteropolymer O units. 9 During structural analysis of homopolymer O antigens, the signal from the single priming residue tends to be masked by the vastly larger one from the homopolymer component, making its identification difficult. We are in the process of generating A band LPS with shorter chains by using a D-rhamnan-specific bacteriophage that is capable of enzymatically cleaving all but the first 2-3 D-Rha residues from the priming sugar. 4 The form of A band LPS generated by this process is more amenable to chemical identification of the initial sugar attached to the core.
Three D-rhamnosyltransferases, WbpX, WbpY, and WbpZ, are encoded within the A band O-polysaccharide gene cluster. 13 These retaining glycosyltransferases have been shown to be required for the assembly of the A band polysaccharide through the generation of chromosomal mutants. 13 These mutants exhibit an A band deficient phenotype on Western immunoblots, likely due to the inability to assemble the A band O-polysaccharide molecule. Provision of the wild-type copy of wbpX, wbpY, and wbpZ in trans to each of the respective mutants restores A band LPS assembly, but the length of A band polymer in the recombinant strains differs from that of the parental strain. 13 Variations in glycosyltransferase stoichiometry are likely responsible for alterations in polymer length, suggesting that stoichiometric enzyme levels may be required to produce strain-specific LPS phenotypes.
These D-rhamnosyltransferases are highly homologous to the E. coli O9a mannosyltransferases WbdA, WbdB, and WbdC. 25, 26 These transferases act to assemble the O9a mannan homopolymer, which contains glycosidic linkages similar to those of the A band polymer. Based on the structure of the A band O-polysaccharide region, and the P. aeruginosa transferases' homology to Based on evidence from our study 13 , the initiating sugar for A band is thought to be GlcNAc (rectangular boxes). The oval shapes represents DRha residues. The darkened box and ovals are the active sugar residues being transferred by the respective glycosyltransferases.
those of E. coli O9a, an assembly scheme has recently been proposed for A band (Fig. 1) . 13 WbpZ is predicted to transfer the first D-Rha residue onto the initial acceptor molecule formed by WbpL (i.e. GlcNAc-PP-Und). WbpY must recognize this terminal D-Rha and add two D-Rha residues α1,3. WbpX would follow by using the terminal α1,3 linked D-Rha as an acceptor for the addition of one D-Rha moiety α1,2. By alternating WbpY and WbpX activities, it would be possible to assemble an O-polysaccharide region composed of α1,2, α1,3, α1,3 repeats of D-Rha. Such a scheme, however, requires WbpY to detect more than one acceptor. WbpY would have to recognize the α1,2 linked D-Rha added by WbpX, as well as the first α1,3 linked D-Rha formed by WbpY. WbpY may avoid this dual recognition by possessing two catalytic domains which act simultaneously to add two α1,3 linked D-Rha residues to the polysaccharide chain. In vitro studies using purified proteins and specific acceptor/donor molecules are required to confirm the precise specificity of these three glycosyltransferases.
GLYCOSYLTRANSFERASES NECESSARY FOR THE ASSEMBLY OF B BAND LPS OF SEROTYPE O5
The B band O unit of serotype O5 is composed of a trisaccharide of 2-acetamido-3-acetamidino-2,3-dideoxy-Dmannuronic acid (Man2NAc3NA), 2,3-diacetamido-D-mannuronic acid (Man2NAc3NAcA), and Fuc2NAc, arranged in the following structure 6 :
Three glycosyltransferases are predicted to be required for the formation of the trisaccharide moiety, and three non-contiguous putative glycosyltransferase genes designated wbpH, wbpJ, and wbpL were localized in the 3′ region of the wbp gene cluster. 10 In addition, the O polymerase, Wzy, which forms the glycosidic bond between the first sugar of one O unit and the last sugar of the adjacent O unit was also found within the wbp locus. 8 However, the mechanism by which Wzy is able to recognize and catalyze bond formation between O units is currently unknown. Wzy is not homologous to classical glycosyltransferases, and acts in the periplasm, rather than in the cytoplasm. In addition, while typical glycosyltransferases form the nacsent glycosidic bond at the non-reducing terminus of the acceptor, Wzy attaches O units at the reducing end of the newly translocated O unit. 28 WbpL, as discussed above, is a homologue of WecA Ec , an initiating non-processive glycosyltransferase, which has been shown to initiate both A band and B band LPS biosynthesis. 13 WbpL also has homology to MraY, a glycosyltransferase which initiates the synthesis of peptidoglycan by transfer of N-acetylmuramic acid-pentapeptide to Und-P. 13 The two remaining B band glycosyltransferases, WbpJ and WbpH, are homologous to one another (23% identity), and to a number of bacterial glycosyltransferases. 29 They are predicted to catalyze the transfer of the two mannuronic acid residues that complete the O5 trisaccharide, and their homology to one another may reflect their requirement for almost identical sugar nucleotide substrates. WbpJ is predicted to be hydrophobic, while WbpH is predicted to be hydrophilic. In many O-antigen clusters, the glycosyltransferase genes are arranged in reverse order, i.e. the first glycosyltransferase gene encodes the last glycosyltransferase to act. 15 Based on their hydrophobicity and gene order, WbpJ was predicted to transfer the Man2NAc3NAcA residue onto Fuc2NAc, forming a β1,3 linkage, while WbpH was predicted to transfer Man2NAc3NA onto Man2NAc3NAcA, forming a β1,4 linkage. 10 Mutants lacking one or more glycosyltransferases are generally incapable of synthesizing a complete O-antigen unit. Analysis of the LPS produced by wbpH and wbpJ mutants showed that the wbpH mutant no longer produced B band LPS. 29 However, the wbpJ mutant continued to produce what appeared to be a core-plus-one O-unit band (semi-rough LPS). 29 Based on its migration in silver-stained SDS-PAGE gels, this 'O unit' appears to be the same size as the authentic O unit. In addition, it appears to contain the same constituent sugars, since it can be recognized by MAb 18-19, which is specific for Glycosyltranferases for assembly of P. aeruginosa LPS 99 Fig. 2 . Glycosyltranferases for the assembly of B band O-antigen unit. 10, 13, 29, 31 The square boxes (with rounded corners) represent Fuc2NAc residues, and the triangles represent mannuronic acid residues. The darkened box and triangles are the active sugar residues being transferred by the respective glycosyltransferases. the O5 trisaccharide. 29 We hypothesize that this trisaccharide band is synthesized by the action of WbpL and WbpH alone. Since WbpH and WbpJ are homologous, WbpH may add two Man2NAc3NAcA residues instead of one to Fuc2NAc in the absence of WbpJ. In this case, WbpH may catalyze formation of an O unit containing two β1-4 linkages instead of the typical β1-3, β1-4 linkages catalyzed by WbpJ and WbpH together. The alteration in linkages between the constituents of the O unit may preclude its recognition and efficient polymerization by Wzy. Alternatively, the O unit formed in the wbpJ mutant may contain two Man2NAc3NA residues instead of separate Man2NAc3NA and Man2NAc3NAcA residues found in the parental O unit. Structural analysis of the linkages and constituent sugars in the 'O unit' of the wbpJ mutant is underway to confirm the effect of this mutation.
Interestingly, WbpH has homology throughout its length to WbpZ, which is predicted to be the non-processive A band LPS D-rhamnosyltransferase. 13 WbpZ is predicted to transfer the first D-Rha residue of the A band polymer onto the primer GlcNAc-P-P-Und-P. Based on this homology, it is possible that WbpH, rather than WbpJ, is the second transferase for B band LPS biosynthesis, transferring Man2NAc3NAcA onto Fuc2NAc. However, regardless of whether WbpH is the second or third transferase, it appears capable of recognizing both Fuc2NAc and Man2NAc3NAcA as acceptors in the wbpJ mutant.
Data from complementation experiments of wbpH and wbpJ mutants revealed further anomalies. Addition of wbpH in trans to the wbpH mutant appears to complement the mutation on silver-stained SDS-PAGE gels, but the high molecular weight LPS produced by the complemented mutant reacted poorly in immunoassays with MAb 18-19, which is specific for the O5 chemical O unit. 29 Thus, overexpression of WbpH from a multicopy plasmid in trans may result in the production of an O unit with altered linkages and/or constituents, leading to a weak reaction with MAb 18-19. Expression of WbpJ in trans in the wbpJ mutant failed to restore O-antigen synthesis. 29 Plasmids containing wbpH and wbpJ, or wbpJ and wbpL, also failed to restore O-antigen biosynthesis in the wbpJ mutant, but a construct containing wbpH, wbpJ, and wbpL was able of restoring O-antigen production to wild-type levels. 29 It appears that, as with the A band LPS glycosyltransferases, stoichiometry of the three proteins is important for function. In addition, it appears that WbpJ is a critical component.
One interpretation of these results would be that WbpL and WbpH are the only glycosyltransferases necessary for synthesis of the O unit, while WbpJ is instead an accessory protein that may stabilize the putative complex and/or influence the activity of WbpH. It will be interesting to examine protein-protein interactions amongst WbpH, WbpJ, and WbpL in order to clarify their activities further. An additional piece of intriguing data regarding possible interactions between these glycosyltransferases arose from examining the phenotype of mutants lacking Wzx (RfbX), the protein thought to translocate the completed O unit from the cytoplasmic to the periplasmic face of the inner membrane. 30 In P. aeruginosa wzx mutants, A band biosynthesis appeared to be significantly delayed, a phenomenon that could be alleviated by supplying multiple copies of wbpL in trans. 31 WbpL appeared to be sequestered in the wzx mutants due to their inability to translocate the O unit after completion. This circumstance led to a delay in initiation of A band biosynthesis, which is dependent upon the availability of WbpL. It is extremely interesting that although WbpL acts as the first step in the synthesis of the B band O unit, failure to successfully translocate the O unit to the periplasm appears to reduce its availability in the cell. This observation strengthens the suggestion that O-antigen assembly/translocation is a highly interactive protein process.
Further studies include direct examination of the activities of these three glycosyltransferases in vitro. In order to perform these studies, however, it is necessary to understand better the pathways of synthesis of the precursor sugars that comprise the O5 O antigen. In vitro studies usually involve the transfer of an activated precursor onto a preformed acceptor. Due to the presence of rare sugars in the O polysaccharide of P. aeruginosa LPS, this could involve chemically synthesizing intermediate sugars to facilitate studies on transferase activity. Another potential difficulty to overcome is that common laboratory strains of E. coli do not possess the genetic capacity to synthesize the unusual sugars found in both A band and B band LPS of serotype O5. 6, 13 Therefore, some effort has to be channeled into constructing recombinant strains that contain appropriate genes to produce these sugars.
In conclusion, we have used various approaches, which include construction of null mutants and complementation of defined mutants from other bacterial species, to delineate the functions of glycosyltransferases involved in A band and B band LPS biosynthesis. It is intriguing to find that WbpL behaves like WecA in its ability to initiate A band LPS synthesis, yet can transfer FucNAc as the first sugar in the B band O-antigen synthesis. Thus, WbpL may represent an interesting target for compounds that may block both homopolymeric and heteropolymeric LPS synthesis in P. aeruginosa.
